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Abstract 
Quaternary Cu2ZnSnS4 (CZTS), a P-type semiconducting material with a direct band gap of 1.4 to 1.5 eV and high absorption 
coefficient (104 cm-1) in the visible range has been considered as an alternative absorber layer in the fabrication of solar cells 
owing to its earth abundant and environmentally benign constituents. In this paper, we report the study of CZTS nanoparticles 
synthesized by solvothermal method using five different solvents (Water, Ethylene glycol, Diethylene glycol, Ethylene diamine, 
and ethanol). XRD pattern of all the prepared samples shows no secondary phases and exhibits kesterite structure with 
preferential orientation along (112) direction and the identification is further confirmed by Raman spectrum. The crystallite sizes 
of the nanoparticles were found to vary from 14 nm to 7 nm. Morphological and Chemical composition of the samples reveals 
controlled growth and near stoichiometry ratio for the sample prepared using EG as solvent. Optical analysis indicates broad 
absorption in the visible region for all samples and absorption edge of the nanoparticles prepared in EG shifts towards shorter 
wavelength exhibiting quantum confinement effect and the estimated optical band gap of CZTS nanoparticles were found to vary 
from 1.39 eV to 1.53 eV. The photo responses of the samples were studied using I-V measurements which shows significant 
photo current for all samples. 
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
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1. Introduction 
In recent years, Copper zinc tin sulfide (Cu2ZnSnS4 or CZTS) are widely used as an alternative absorber layer to 
Cu(In,Ga)(S,Se)2 (CIGS) and CdTe due to its earth abundant and environmentally benign constituents. CZTS has a 
direct band gap of 1.4-1.5 eV which is the optimum band gap for high efficiency solar cells, with p-type 
conductivity, high absorption coefficient (104 cm-1) [1,2]. The theoretical single junction photo conversion efficiency 
(PCE) of CZTS solar cell is 32.2% which is based on Shockley-Queisser photon balance calculations. It has also 
been reported that the PCE of CZTS based solar cells can be increased from 0.66% to 11.1% by optimizing the 
fabrication process. Moreover, semiconductor nanocrystals, also known as quantum dots (QDs), promise 
opportunities for use in high efficiency photovoltaic devices due to their tunable band gap, efficient optical 
absorption and multiple exciton generation capability. Theoretical calculation shows that as many as seven excitons 
can be generated upon absorption of one photon by QDs at a certain energy level and an ideal PCE higher than 40% 
is expected in QD solar cells [3-6]. Thus, fabrication of ultrafine CZTS nanocrystals with high crystalline quality 
shows great importance in the whole fabrication process of CZTS quantum dot based solar cells.  
 The performance of a solar cell is very sensitive to the optical and electrical properties which mainly depend 
upon the crystal structure and composition of the absorber material. Therefore it is highly important to understand 
and optimize the growth and formation of photovoltaic material in order to achieve the desired stoichiometry. CZTS 
being a quaternary compound often contains binary and ternary phases and it is very difficult to control the 
stoichiometry. Because of the increased number of elements in CZTS, their synthesis is more difficult than for 
binary and ternary semiconductors. The secondary phases in CZTS, such as ZnS, Cu2S, and Cu2SnS3 (CTS), could 
form depending on the processing conditions. Presence of the secondary phases could affect the photovoltaic 
performance. It has been speculated that the phase separation of CZTS into ZnS and Cu-Sn-S compounds is one of 
the factors limiting the efficiency of CZTS solar cells. However, the effects of the secondary phases on solar cell 
performance can in fact be significantly different depending on the band offset with CZTS.  Experimentally it is 
found that working devices are obtained for “Cu-poor” and “Zn-rich” compositions. It has been theoretically shown 
that ZnS and CTS have relatively small formation enthalpies among the above secondary phases. The control of 
secondary phase formation in CZTS is a critical issue to obtain high efficiency devices. It requires good control over 
synthesis parameters. Although there has been significant progress and evolution in cell performance of these 
materials during the last few years, further improvement is necessary to make CZTS a viable material in industrial 
terms. Various synthetic routes have been developed to prepare CZTS thin films and nanoparticles such as sputtering 
[7], spray-pyrolysis [8], sol–gel [9], electrodeposition [10], pulsed laser deposition [11], thermal evaporation [12], 
chemical vapor deposition [13], hydrothermal method [14] and so on. However, the synthesis processes of these 
methods are complicated relatively. These techniques, still require relatively demanding processing conditions (e.g., 
high-temperature, high vacuum or the use of expensive chemicals) to reach reasonable efficiencies. Advances in the 
synthesis of high quality nanocrystals have opened up other possible routes to address the challenge of fabricating 
low-cost, high-efficiency solar cells. Solvothermal is an alternative low cost, environment friendly method which 
uses a solvent-based precursor solution to prepare the target material. The main advantages of solvothermal 
synthesis are not only facile, high purity, low cost and environmentally friendly but also high yield, high crystalline, 
energy saving and controllable. Solvothermal reaction is normally performed in a sealed vessel at low temperature 
(less than 250°C) to grow the target material. This method is suitable for large-scale fabrication of good-quality 
crystals while maintaining good control over their composition and morphology [17]. It is well known that influence 
of solvent significantly affect the composition and structure of nanoparticles which in turn affect the optical and 
electrical properties. It is generally assumed that the solvents act as structure directing agents or soft templates, 
which can control the morphology and size of the particles formed in the solvothermal reaction through influencing 
their nucleation and growth process. Therefore, in the present work, CZTS nanoparticles were synthesized by simple 
solvothermal method using different solvents. Five reaction media, water, ethanol, ethylenediamine (EDN), 
diethylene glycol (DEG), and ethylene glycol (EG), are used as solvents. However, to the best of our knowledge, the 
preparation of CZTS nanoparticles using different solvents at lower reaction time has rarely been reported. 
Therefore, in this paper, we report the influence of solvents on the preparation of CZTS semiconducting 
nanoparticles on the structural, compositional, optical and electrical properties. 
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2. Experimental 
All chemicals used in this work are analytical grade reagents and used without any further purification. In a 
typical procedure, 0.5 mmol of copper acetate (Cu(CH3COO)2), 0.25 mmol of zinc acetate dihydrate 
(Zn(CH3COO)2.2H2O), 0.25 mmol of tin chloride pentahydrate (SnCl4.5H2O), and 1 mmol of thiourea (CH4N2S) 
solutions are prepared in deionized water. The solution was stirred continuously until a clear solution is obtained. 
The solution is then transferred to a Teflon lined autoclave and it was maintained at 180°C for about 6 hours and 
then air cooled at room temperature. The precipitates were filtered out, washed with distilled water and absolute 
ethanol. The final products were dried in vacuum at 60°C for three hours. A similar experiment was carried out in 
ethanol, ethylenediamine, diethylene glycol and ethylene glycol instead of deionized water to see the effect of 
solvent on the structural, optical and electrical properties of the CZTS nanoparticles. There is no significant 
variation in the yield of the products with different solvents. 
The synthesized CZTS powders were characterized by X-ray diffraction (XRD) method using Schimadzu XRD-
6000 X-ray diffractometer with a CuKα radiation O  Ǻ). Raman scattering measurements were performed 
using Horiba Jobin Yvon HR800 spectrometer. The morphological and compositional analysis of the nanoparticles 
were carried out using JEOL mode JSM 6390 SEM with EDX and optical studies of the samples were done using 
Shimadzu UV 3600 UV–vis-NIR spectrometer. I-V characteristics under dark and illumination conditions were 
recorded with a Keithley 6517B Electrometer. The photocurrent was measured by illuminating the samples with 
white light of intensity 100 mW/cm2 . 
3. Results and discussion 
3.1. XRD analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. XRD spectra of CZTS nanoparticles prepared in different solvents. 
 
XRD pattern of CZTS nanoparticles prepared using water, ethanol, ethylenediamine, diethylene glycol and 
ethylene glycol as a solvent are shown in Fig. 1. All the samples exhibit diffraction peaks at 2θ equal to 28.58°, 
32.97°, 47.33°, 56.26° and 76.55° corresponding to the (112), (200), (220), (312) and (332) reflection planes of 
kesterite structure, which is confirmed using standard JCPDS data (Card No. 26-0575). Clearly, the peak in Fig. 1 
for the sample prepared in EG are broader than that of other solvents indicating that the particles prepared in 
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ethylene glycol are smaller when compared to those prepared in water, ethanol, ethylenediamine and diethylene 
glycol. The mean crystallite size D is determined according to the Scherer equation D = 0.9OEcosT, where O is the 
X-ray wavelength (for CuKD radiation O = 1.5406 Ǻ), E is the full width half maximum (FWHM) and T is the 
diffraction angle. The calculated mean crystallite sizes are 14 nm, 13 nm, 10 nm, 9 nm and 7 nm for CZTS 
nanoparticles prepared in water, ethanol, EDN, DEG and EG, respectively. This results show that solvent plays a 
crucial role in the formation of CZTS compound and ethylene glycol acts as a reducing agent [18]. The 
microstructural parameters such as crystallite size, lattice constants are calculated from XRD data and are presented 
in table 1. It is worth mentioning that the calculated lattice constants were observed to be the same as the value from 
the standard card (a = 0.5427 nm and c = 1.0848 nm) confirming the kesterite structure and also matches well with 
that of the earlier reports [19-21]. 
 Table 1. XRD parameters of CZTS nanoparticles prepared in different solvents. 
Solvent  FWHM hkl 
Crystallite size D 
(nm) 
Lattice Constant 
Calculated JCPDS 
Water    0.60 
( 1 1 2 ) 
( 2 0 0 ) 
( 2 2 0 ) 
( 3 1 2 ) 
( 3 3 2 ) 
14 
a=5.405 
c=10.871 
a=5.427 
c=10.848 
DEG  1.22 9 
a=5.419 
c=10.840 
EG  1.49 7 
a=5.423 
c=10.844 
Ethanol  0.72 13 
a=5.416 
c=10.855 
EDN  1.04 10 
a=5.414 
c=10.859 
3.2. Raman analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Raman spectra of CZTS nanoparticles prepared in different solvents. 
In order to find out the existence of the secondary phase, Raman spectroscopy was performed. Fig. 2 shows the 
Raman spectra of CZTS nanoparticles at the excitation wavelength of 512 nm. It indicates the presence of the two 
major peaks at 338 cm-1 and 289 cm-1 and is similar to that reported by earlier researchers [22,23]. Both these peaks 
correspond to the CZTS phase. The stronger peaks at 338 cm-1 is due to the A1 symmetry and it is related with the 
vibration of the S atoms in CZTS [24,25]. Peaks at 289 cm-1 attributes to the vibration of the Zn atoms and S atoms 
with some contribution from the Cu atoms in CZTS lattice. Moreover, it is obvious that there are no extra peaks 
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related to the presence of other compounds such as SnS2 (314 cm
-1), Cu2SnS3 (352 cm
-1 and 374 cm-1), cubic ZnS 
(352 and 275 cm-1) and orthorhombic Cu2SnS3 (318 cm
-1), which means that the single phase CZTS nanoparticles 
were obtained for all solvents. It is worth noting that, with the 512 nm excitation source, the ZnS phase cannot be 
easily detected with Raman Spectroscopy. The main vibrational peaks of ZnS and tetragonal Cu2SnS3 are very close 
to CZTS characteristic peaks. Using laser source at this wavelength for excitation a clear identification of these 
phases could be very difficult, especially when only traces of ZnS and CTS coexist with CZTS. 
3.3. SEM analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. SEM Micrographs of CZTS nanoparticles.  
 
Fig. 3 shows the SEM images of CZTS nanoparticles using water, ethanol, EDN, DEG and EG as a solvent. It is 
observed that the CZTS nanoparticles prepared in water and ethanol are inhomogeneous in nature consisting of 
agglomerated particles with variable sizes. In EDN solvent synthesized product is composed of rice-like structure. 
The particle prepared in DEG and EG possesses uniform and well-dispersed sphere-like nanoparticles. The 
morphology shows that the size of CZTS nanoparticles prepared using ethylene glycol is smaller than that by other 
solvents which is consistent with the result of the XRD. This result confirms that the reaction medium plays a 
crucial role in the formation of CZTS compound. 
3.4. Compositional analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. EDX spectra of CZTS nanoparticles.  
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The elemental analysis of CZTS nanoparticles prepared in water, ethanol, EDN, DEG and EG are carried out by 
energy dispersive X-ray analysis (EDX) technique. The respective EDX spectra are shown in Fig. 4 and atomic 
percentage of the samples are presented in table 2. EDX analysis indicates the presence of copper, zinc, tin and 
sulfur for all the samples. Theoretically expected stoichiometric composition of CZTS (in terms of at %) is Cu : Zn : 
Sn : S equal to 25.00 : 12.50 : 12.50 : 50.00. It is observed that there is large deviation from the stoichiometry for 
nanoparticles prepared in water. Slight deviation from stoichiometry is observed for samples prepared using DEG, 
EDN and Ethanol. Nanoparticle prepared using ethylene glycol is very near to stoichiometry and no traces of 
impurities are observed in all the samples. 
 
    Table 2. Atomic % of Cu, Zn, Sn and S in CZTS nanoparticles 
Solvent  
Atomic Percentage 
Cu/(Zn+Sn)  Zn/Sn  S/Metal  Cu/Zn  Cu/Sn  
Cu Zn Sn S 
Water  23.13 15.26 13.80 47.81 0.79 1.10 0.91 1.51 1.68 
EG  24.85 12.37 12.72 50.06 0.99 0.97 1.00 2.01 1.95 
DEG  25.19 13.35 12.97 48.49 0.95 1.03 0.94 1.88 1.94 
EDN  24.81 14.13 13.05 48.01 0.91 1.08 0.92 1.75 1.90 
Ethanol  23.22 11.79 13.94 51.05 0.90 0.84 1.04 1.97 1.66 
3.5. Optical absorption, band gap and photo response  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) UV–vis absorption spectra; (b) Tauc plot of CZTS nanoparticles. 
 
The room temperature UV–vis absorption spectra of CZTS samples prepared using water ethylene glycol as a 
solvent are shown in Fig. 5(a). The UV–vis absorption spectra of the samples were recorded in the wavelength range 
of 400 to 1000 nm in diffuse reflectance mode using BaSO4 as reference. The reflectance values were converted to 
absorbance by application of the Kubelka-Munk function [26]. The Kubelka-Munk formula can be expressed by the 
relation F(R) = (1 − R)2/2R, where F(R) is the Kubelka-Munk function which corresponds to the absorbance and R 
is the reflectance (%). All the samples exhibited broad absorption in the visible region and the tails extending to 
longer wavelengths. The band gap energy of the samples are measured by the extrapolation of the linear portion of 
the graph between the modified Kubelka-Munk function [F(R)hν]2 versus photon energy (hν), as shown in Fig. 6(b). 
It is found that the band gaps of the CZTS samples prepared using water, ethanol, EDN, DEG and EG as a solvent 
are 1.39, 1.42, 1.47, 1.51 and 1.53 eV respectively, and is agreement with the earlier reports [27-31]. This increase 
in the band gap with decrease in the crystallite size is attributed to size confinement effects [19]. For designing a 
highly efficient solar cell, the band gap of the material that maximizes absorption of incident light is highly desirable 
and should be in the order of 1.3-1.5 eV [32]. Conversion efficiency of 0.16% has been reported by Aixiang Wei et 
al [33] for CZTS thin films with a band gap ranging from 1.37 eV to 1.6 eV. It is also reported that the values of 
band gap for CZTS nanocrystal with diameter ranging from 10.5 nm to 3 nm are 1.48 eV to 1.89 eV respectively 
[34]. In the present work, band gap values varying from 1.53 eV to 1.39 eV was observed for the particle sizes 
varying between 7 nm and 14 nm and is consistent with the earlier reports [32-34]. 
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  Fig. 6. I-V curves of CZTS samples. 
     The photo response behavior of CZTS was studied in order to evaluate its potential as an active layer for 
photovoltaic applications. I–V curves of the samples were measured both in the dark and under illumination using a 
solar simulator (AM 1.5 G irradiation, 100 mW cm2). All the samples exhibited nearly linear current-voltage curve 
that is symmetric about the origin. The current increases with voltage, which implies the ohmic nature of the 
contacts. Enhancement in current was observed under illumination for all the samples as shown in Fig. 6, that is 
similar to that reported for other semiconductor nanocrystal films [26,35].  The illumination excites electrons in the 
valence band to the conduction band and then increases the holes in the CZTS, which enhance the conductivity of 
the sample. The sample prepared in EG was observed to have higher current under illumination as compared to the 
other samples. The photo response behavior demonstrates that CZTS nanocrystals prepared in EG have a potential 
application for use as the absorber layer in solar cells. 
4. Conclusion 
CZTS nanoparticles were synthesized using different solvent by a simple solvothermal method. The XRD results 
reveal that the CZTS nanoparticles are kesterite crystalline in nature with the particle size between 14 nm and 7 nm 
and a single phase CZTS nanoparticles is confirmed using Raman spectra. The SEM micrograph shows that the 
CZTS particles prepared in diethylene glycol and ethylene glycol possess uniform structures. The EDX analysis 
confirms the presence of all four constituents and near stoichiometry has been observed for EG as a solvent. Optical 
absorption and photo current were found to be higher for the sample prepared in EG. The desired kesterite 
composition with optimal band gap and superior photo response for application in solar cell was achieved for the 
nanoparticles prepared in EG. 
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